Communities and towns in northern Estonia rely upon either surface waters or groundwater from Cambrian-Vendian aquifer system with limited fresh water resources. The composition of groundwater is controlled, among other factors, by the lithologic composition of water-bearing rocks and sediments. The peculiarities of the rock matrix may locally restrict the use of groundwater as a source of water supply. The distribution of fl uorine, barium and arsenic has been studied in northern Estonian water supply wells. The results of the hydrogeochemical mapping enable to delimit the barium anomaly in the Cambrian-Vendian aquifer system. Vertical distribution of studied compounds and hydraulic connection between water-bearing Vendian sediments with underlying crystalline basement refers the weathered basement rocks as the plausible source of barium and fl uorine in groundwater. The elevated concentrations of barium and fl uorine detected in groundwater from North Estonian wells may become a source of growing concern in Estonia. The results of hydrochemical research should be transformed to instructions how to avoid or eliminate the quality problems in the risk areas.
Introduction
First regional study of micro compounds in the Cambrian-Vendian aquifer system in Estonia was performed in 1994, but did not include barium (Savitskaja & Viigand, 1994) . According to later fi ndings (Otsa & Tamm, 1997; Tamm, 1998) , barium concentration exceeded the limit value of the previous Estonian drinking water standard 0.7 mg/l (Joogivesi, 1995) in several locations, with maximum concentrations (9 mg/l) found in the water supply of Kohtla-Järve town.
New drinking water standard (Joogivee, 2001) , which is compatible with the Drinking Water Directive of European Union (98/ 83/EEC) does not limit barium concentration. However, it cannot be supposed that the EU standard does not consider barium being toxic. The Environmental Protection Agency of the United States (US EPA) has set the maximum concentration limit (MCL) for barium in the drinking water at 2.0 mg/l. World Health Organisation has published a guideline value 0.7 mg/l for barium (WHO, 1996) . According to EPA, if people are exposed to barium at levels above the MCL for relatively short periods of time, gastrointestinal disturbances and muscular weakness may result. A lifetime exposure at levels above MCL may lead to high blood pressure diseases. If barium levels were found to be consistently above the MCL, the water suppliers had to use water treatment methods for barium removal (EPA, 1995) .
Fluorine is an important microelement, needed by man and higher animals as a constituent of teeth and bones. Unlike most of the other essential elements, a large portion of fl uorine is ingested from drinking water. Health problems arising from excess fl uoride intake (dental fl uorosis) have been recorded in Estonia (Saava, 1998; Russak et al., 2002) . On the other hand, in most of the North-Estonian wells F-concentrations in drinking water are below the limit value (Savitskaja & Viigand, 1994) . However, the occurrence and hydrochemistry of fl uorine and arsenic in the Cambrian-Vendian aquifer system is incompletely studied so far, and needs more detail approach in terms of sampling density as well as hydrogeochemical interpretations.
The aim of this study is to map the areal distribution of Ba 2+ , As and F -, and fi nd the geological sources for the probable anomalies of these compounds in the Cambrian-Vendian aquifer system in northern Estonia. The results of the current study contribute to the understanding of the reasons of natural groundwater contamination and help to work out the strategies for water supply.
General geological and hydrogeological setting
Estonia, covering 45 000 km 2 of land area, is situated in the northwestern part of the EastEuropean Platform. Structurally, its sedimentary beds, lying on the southern slope of the Fennoscandian Shield, are declined southwards at about 3-4 metres per kilometre. Crystalline Palaeoproterozoic basement is overlain by Neoproterozoic (Vendian) and Palaeozioc (Cambrian, Ordovician, Silurian and Devonian) sedimentary rocks covered by Quaternary deposits.
In study area (Fig. 1) , the Vendian, Cambrian and Ordovician rocks are the only sedimentary rocks covering the crystalline basement which lies approximately in the depth of 150 m (Fig. 2) . The crystalline basement consisting mostly of gneisses and biotite gneisses (Koistinen et al., 1996) is in its upper 10-150 m thick portion fractured and weathered. Weathering profi les are composed predominantly of kaolinite, illite, chlorite and montmorillonite, depending on original bedrock composition and intensity of weathering.
Weathered basement rocks are overlaid by water-bearing Vendian and Cambrian silt-and sandstones, which form the Cambrian-Vendian aquifer system. In eastern part of Estonia Vendian sedimentary rocks are divided by clay layer of Kotlin Formation (V 2 er of Kotlin Formation (V 2 er of Kotlin Formation (V kt) into the Voronka (V 2 (V 2 (V vr) and Gdov (V 2 vr) and Gdov (V 2 vr) and Gdov (V gd) aquifers (Fig. 2) . The upper, the Voronka aquifer, consists of quartzose sand-and siltstones having hydraulic conductivity of 0.6 to 12.5 m/d and transmissivity of 100-150 m 2 /d. The lower, the Gdov aquifer, is formed of mixed-grained sand-and siltstones, the conductivity of which varies 0.5-9.2 m/d while the transmissivity is about 300 m 2 /d (Perens & Vallner, 1997).
The Cambrian-Vendian aquifer system is covered by clays of Lower Cambrian Lontova Formation, which form laterally continuous Lontova aquitard. This aquitard has a strong isolation capacity, as its transversal conductivity is predominantly 10 -7 -10 -5 m/d (Perens & Vallner, 1997) . Lontova clays have the thickness of 60-90 m in northeastern Estonia (Fig.  2) . Westwards from Tallinn the Lontova Formation is gradually replaced by interbedding clay and sandstone deposits of the Voosi Formation, which attain a thickness of 90 m in southwestern Estonia. On the western Estonian islands, the Vendian deposits have also been pinched out and the water-bearing terrigenous rocks consist only of Cambrian sand-and siltstones with interlayers of clay.
The Cambrian-Vendian aquifer system is distributed throughout Estonia, except the LoknoMõniste uplift area in southern Estonia. Water- Intensive erosional processes in pre-Quaternary, inter-, late-and postglacial times have formed erosional valleys, cutting through the Lontova aquitard (Tavast, 1997) . These ancient buried valleys are fi lled with Quaternary sediments, mostly by till, but also the marine, glaciofl uvial and glaciolacustrine sediments are presented. The valleys have north-west to south-east direction, thus being approximately perpendicular to the North-Estonian coastline. In places, where groundwater is intensively abstracted, valleys provide the Cambrian-Vendian aquifer system with fresh meteoric water.
The variations in the groundwater salinity and the associations of chemical compounds dominating in water can be followed both in vertical and horizontal direction. Fresh groundwaters of Na-Ca-HCO 3 -Cl and Ca-Na-Cl-HCO 3 type with total dissolved solids (TDS) value, mainly below 1.0 g/l (0.4-1.1 g/l), are characteristic in northern Estonia (Savitskaja & Viigand, 1994; Perens et al., 2001; Marandi et al., 2002) . In Central-and South-Estonia, as well as in the Gdov aquifer in northeastern Estonia, the TDS content rises up to 2-22 g/l and the Na-Cl, Na-Ca-Cl and Ca-Na-Cl type groundwaters dominate (Karise, 1997; Mokrik, 1997; Perens et al., 2001) .
The Cambrian-Vendian aquifer system is used for the water supply in northern Estonia only, because in the southern part of country the water-bearing layers are too deep and the salinity of water is high. In northern Estonia however, the supply is very signifi cant, amounting to 10-13% of the Estonian groundwater consumption. In Ida-Virumaa and Harjumaa counties the share of Cambrian-Vendian groundwater consumption is about 75 % and in Lääne-Virumaa almost 50 % (Savitskaja, 1999) . The saline groundwater resources in South-Estonia can be used as mineral water (Karise, 1997) .
Materials and methods
During 2001 and 2002, 47 groundwater samples were collected from North Estonia. The sampling points were selected according to the following criteria: 1) assurance of a good areal representation and 2) sampling of both Gdov and Voronka aquifers at every sampling point, if possible. All sampled wells are water supply wells and under operation at the moment. Groundwater samples were taken after the fi eld parameters (redox potential, pH, electrical conductivity and temperature) were stabilised in the pumped-out water. , Mg
+ , Fe and Ba 2+ were determined. The quantifi cation limit for sulphate is 0,2 mg/l in Tartu laboratory.
For data processing, interpretation and hydrogeochemical assessment of the results, MapInfo Professional 6.0 and AquaChem 3.7 were used.
Results and discussion
Groundwater abstracted from studied wells is directly distributed between consumers without any purifi cation. As an exception, the mixing of groundwater originated from the Cambrian-Vendian and Quaternary aquifer systems, respectively, is used to lower the TDS content in Kohtla-Järve. Thus, it is supposed that the groundwater chemistry is in accordance with the limit values set by drinking water standard (Joogivee, 2001) . Results of the groundwater analyses performed within current study are presented in Table 1 . Generally, the groundwater has a good quality. The problems are associated with elevated Fe contents, reaching up to 6-7 mg/l and exceeding the limit value set by standard 30-35 times. The quality of groundwater does not always fulfi l the requirements in case of Cl -and Na + ( Table 1 ). The chemical type of Cambrian-Vendian groundwater varies from Ca-HCO 3 to NaCl, being mostly Na-Ca-Cl-HCO 3 (Fig. 3) . Ca-HCO 3 type of water is characteristic for the areas around the ancient buried valleys, where water exchange between fresh groundwater from overlying aquifers and the Cambrian-Vendian aquifer system occurs. The TDS content of groundwater range from 120 to 1531 mg/l in study area (Table 1) , whereas the lower values are usually connected with Ca-HCO 3 type mixed and freshened water. The increase in TDS content in the lower (Gdov) aquifer can be followed in the eastern part of study area, where the Cambrian-Vendian aquifer system is divided by the Kotlin aquitard into two aquifers (Fig. 2) . The content of major ionic species (Ca
2-which is very low ( Table 1 ). The highest sulphate concentrations are usually detected in wells locating close to buried valleys, where dilution of groundwater has contributed the development of oxidising environment.
Fluorides
Fluorides have been in the focus of public and scientifi c interest because of their important physiological role in the human health. Their benefi cial effect in decreasing the incidence of dental caries is well known as well as their toxicity, when occurring in abundance in drinking water, causing diseases such as dental and skeletal fl uorosis (Lahermo et al., 1991; Yong & Hua, 1991; Grimaldo et al., 1995; Apambire et al., 1997; Yang et al., 2000) . Fluorine occurs in the groundwater as F --ion and usually is contained in various organic and inorganic complexes. According to Lahermo et al. (1991) groundwaters with high F -contents are generally Na-HCO 3 -type waters, particularly poor in Ca
2+
. Handa (1975) , Boyle (1992) and Saxena & Ahmed (2001) showed that in waters with high F -concentrations, the amount of F -is proportional to the HCO 3 -concentration and the pH value. Groundwater in the study area is mainly Na-Ca-Cl-HCO 3 -type and owing to the high Ca 2+ contents (Table 1) , quite low amounts of F -may be mobilised. The concentrations of fl uoride are, as a rule, below MCL (1.5 mg/l), varying between 0.2-1.2 mg/l ( Table 1) .
The potential source of fl uoride is dissolution of minerals (fl uorite, clay minerals, amphiboles, pyroxenes) and ion exchange processes. In Scandinavia, groundwater with high fl uoride concentrations is found in areas of young granites and pegmatites, especially postorogenic rapakivi-type granites (Aastrup et al., 1995; Banks et al., 1995; Lahermo & Backman, 2000) . Hydrochemical study performed in Norway showed that highest analysed F -values in hardrock wells are associated with gneissic host rocks and hydrothermally altered rocks. They also suggested, that the F -content of the groundwater would primarily be controlled by the presence/absence and amount of clay minerals in faults and fractures of the host rocks.
The movement and accumulation of highly reactive F --ions depends on the complex interaction between the liquid and solid phases, like adsorption, ion exchange, precipitation and complexion . Furthermore, the F -concentration in groundwater depends on the pH, the intensity of the weathering processes, and the amount of clay and humus in the aquifer material (Omueti & Jones, 1980; Adriano, 1986; Kabata-Pendias & Pendias, 1992; Saxena & Ahmed, 2001 ). The OH --group in micas, clay minerals and Al-hydroxides can be replaced by F --ions, with simultaneous release of Al and Fe in clay minerals . More than 90% of the natural F -in soil is thought to be tightly bound to clay particles. Thus, other physico-chemical factors of water-rock interaction may have a greater effect on the fl uoride content in the groundwater than has the actual amount of fl uorine in bedrock.
The crystalline basement in northern Estonia is in its upper 10-150 m thick portion fractured and weathered. Weathering profi les are composed predominantly of kaolinite, illite, chlorite and montmorillonite, depending on original bedrock composition and intensity of weathering (Puura et al., 1983) . Such clayey formation provides adsorption and ion exchange sites for F --ions, modifying groundwater chemistry in the hydraulically connected Cambrian-Vendian aquifer system and water bearing fractured bedrock.
Fluoride concentrations are relatively independent of the other water-soluble components. However, F -exhibits good relationship with Ba 2+ contents (Fig. 4) . Highest F -values coincide with anomalously high Ba 2+ concentrations and are analysed from wells opening the deep-seating Gdov aquifer. Therefore, it is supposed that the geological reason for elevated F -as well as Ba 2+ in the Cambrian-Vendian aquifer system is associated with underlying weathered basement rocks. 
Arsenic
Arsenic is biologically very toxic element, causing serious environmental problems throughout the World (Korte & Fernando, 1991; Hamasaki et al., 1995; Nickson et al., 1998) . The consumption of groundwater with high As content causes poisoning-arsenotosis, leading to chronic and even lethal health effects (Borzonyi et al., 1992; Hopenhayn-Rich et al., 1996; Kurttio et al., 1999) .
The occurrence of As in the groundwater has usually assumed to be connected with oxidation of sulphides (pyrite, arsenopyrite) during, for example, lowering of the groundwater table (Das et al., 1995) . Drilled wells with high As concentration (>0.1 mg/l) in Finland are concentrated in bedrock areas where As minerals (FeAsS) occur on fracture surfaces, implying that the effectiveness of the water -arsenopyrite interaction is a major factor governing the As concentrations in bedrock groundwater (Idman, 1996) . Arsenopyrite occurs most frequently in sulphide mineralizations associated with gabbros and amphibolites and bedrock wells with high As concentrations are mostly found in hydrothermally altered domains in the Precambrian bedrock. In the water bearing rocks, arsenic is also bound to oxyhydroxides, clay minerals and organic matter (Edmunds & Smedley, 1996) . Under reducing conditions, the mobilisation of As may take place during reductive dissolution of Fe-oxyhydroxides (Nickson et al., 2000) .
In the areas of local basement uplifts of northern Estonia (Uljaste, Haljala and Assamalla), the basement comprises sulphidic black schists, quartzites, amphibole and pyroxene gneisses, marbles and pyroxene scarns (Puu ra et al., 1997) . In connection of these uplifts occurs extensive hydrothermal pyrrhotite-pyrite ore mineralisation with accompanying polymetallic minerals such as sphalerite, galena, chalcopyrite, molybdenite (Koppelmaa & Kivisilla, 1997) . Thus, it is supposed that the overlying sediments and associated groundwater, refl ecting the underlying bedrock composition, have the potential for natural As contamination. The results of the current study, however, do not support that supposition. Analysed As values are below the analytical detection limit (Table 1) and outlining of any As-anomalies in Cambrian-Vendian groundwater is not possible. It must also be mentioned that only 21 wells are analysed for As and the risk of encountering high As concentrations in groundwater still exists and needs more detailed research in close future.
Barium
Barium is a naturally occurring component of minerals that are found in small, but widely distributed amounts in the earth's crust, especially in igneous rocks, sandstone, shale and coal (Kunesh, 1978) . Barium enters the groundwater naturally through the weathering of rocks and minerals. However, the concentration of barium in natural waters is very low, because its dissolution is limited by baryte (BaSO4) and witherite (BaCO3) solubility products (Ball & Nordstrom, 1991) .
Barium is the only toxicant studied the content of which in water is much higher than permitted by US EPA (2.0 mg/l) in water abstracted for drinking purposes. The content of Ba 2+ in the analysed water samples varies from 0.07 to 6.37 mg/l (Table 1) . Territorially, the distinct distribution pattern of Ba 2+ can be observed (Fig. 5) . Marginal parts of the studied area are characterised by low barium content while the high Ba 2+ concentrations (0.41-6.37 mg/l, median 2.41 mg/l) concentrate within Kunda-Rakvere-Kohtla-Järve region, which can be outlined as Ba-anomaly in the Cambrian-Vendian aquifer system.
Generally, the deep-seated Gdov aquifer is enriched in barium compared to the overlying Voronka aquifer (Fig. 6 ). All high Ba 2+ values (>2 mg/l) in the Gdov aquifer are associated with the anomaly. Besides, some groundwater production wells opening the Cambrian-Vendian aquifer system in its full thickness (both the Voronka and Gdov aquifer) exhibit elevated barium concentrations (Fig. 6) . Among those the highest Ba 2+ value (3.77 mg/l) is analysed from well No. 25, which reaches 3 metres into the crystalline basement. Barium content in Voronka groundwater is usually below 1 mg/l while higher concentrations are measured in wells locating near the ancient buried valleys (wells No. 18, 23, 28 and 32). These valleys act as the vertical drainage pathways between aquifers. When the hydrodynamic pressure is lowered in the Voronka aquifer as a result of groundwater consumption, the infl ow from deeper Gdov aquifer into the Voronka aquifer can occur. Barium occurs in a number of compounds, most commonly as baryte (BaSO 4 ) and, to a lesser extent, as witherite (BaCO 3 ). A likely control over the concentration of barium in natural waters is the solubility of baryte (Hem, 1985) . Study by Monnin et al. (2001) shows an overall symmetrical behaviour between barium and sulphate, suggesting that the barium content in sediment pore water is controlled by equilibrium with baryte. The solubility product of this compound is near 10 -10 and at sulphate concentrations ~10 mg/l or ~100 mg/l the corresponding barium concentration can be 0.14 mg/l or 0.014 mg/l, respectively (Hem, 1985) . The concentrations of anionic complexes (sulphate and carbonate) are low in the Cambrian-Vendian aquifer system, giving thermodynamic possibility for high dissolved Ba 2+ in the water. The results of the geochemical mapping in Finland (Koljonen, 1992) showed that the highest barium contents (>650 ppm) in bedrock associate with granulites, granitoids, gneisses, mica schists and granites. Barium concentrations were found to be above the average also in the tectonic Lake Ladoga-Bothnia Bay zone and in areas where the major sulphide deposits are found. According to Klein et al. (1983) the content of barium in gneisses of Estonian crystalline basement is 700 ppm. The highest average Ba 2+ content (1000 ppm) of northeastern Estonian bedrock has been detected in silicate marbles (Koppelmaa & Kivisilla, 1997) , which are associated with hydrothermal pyrrhotite-pyrite ore mineralisations at Uljaste, Assa-Narva Narva Narva Narva Narva malla and Haljala magnetic anomalies. On the other hand, barium is strongly adsorbed by clay minerals (Lagas et al., 1984; Kabata-Pendias & Pendias, 1992) and by metal oxides and hydroxides (Hem, 1985) . Weathering core of basement rocks is composed predominantly of kaolinite, illite, chlorite and montmorillonite providing adsorption sites also for Ba 2+ ions. The screens of groundwater abstraction wells opening Gdov aquifer reach close to the weathered basement, which is hydraulically connected with overlying Cambrian-Vendian aquifer system. Thus, as the infl uence area of pumping increases, the increasing contribution of the upconing of deep-seated water from the bedrock and its weathering core modifi es the groundwater chemistry in the Cambrian-Vendian aquifer system.
Due to the scarcity of minor and trace element analyses from the weathering core of the crystalline basement and water bearing Vendian rocks, it is diffi cult to make any ultimate conclusions on the sources of barium as well as fl uoride in groundwater. Thus, the exact identifi cation of geological source of given elements needs detail sampling and chemical analysing of rocks and the weathering core.
Conclusions
The results of hydrogeochemical mapping performed in northern Estonia show that fl uorine concentrations in the Cambrian-Vendian aquifer system are below the limit value set for drinking water (1.5 mg/l). The arsenic content is mostly under analytical quantifi cation limit (0.001 mg/l). Anomalously high barium concentrations (up to 6.4 mg/l) in abstracted groundwater are associated with wells of Kunda, Rakvere and Kohtla-Järve cities. Clear vertical Ba-distribution can be followed-the deepseated Gdov aquifer is enriched with Ba 2+ compared to the overlying Voronka aquifer.
The crystalline basement and its weathering core, which are hydraulically connected with the overlying Vendian and Cambrian terrigenous rocks, are the probable sources of barium and fl uorides in groundwater. The intrusion of deep-seated and saline groundwater by intensive exploitation of wells is possible.
The wells discharging water with high Ba
2+
concentration should be monitored and, if needed, water treatment should be provided or the wells closed. Because of the potential toxicity of barium, fl uorides and arsenic it would be necessary to undertake a systematic and detailed study of the relationship between water chemistry and the host lithology. The results of the current pilot study provide new background information for future research.
